Published data on mean annual epilimnetic total N (TN) and P (TP) were analyzed to find how TN:TP varies with lake trophic status. TN:TP is high in oligotrophic lakes and very low in eutrophic lakes, declining in a curvilinear fashion with increased TP. Comparison of this trend with published N: P in lake nutrient sources suggests that TN: TP reflects the source of nutrients: the ratio is high in oligotrophic lakes because they receive their N and P from natural, undisturbed watersheds which export much less P than N; mesotrophic and eutrophic lakes receive various mixtures of nutrient sources that have lower average N: P; and very eutrophic lakes have N: P that correspond very nearly to the N: P of sewage. Two inflection points were identified in the TN: TP relationship (~20 and -100 fig TP liter1 ) the first probably reflecting the large difference between TN: TP in nutrient export from undisturbed terrestrial ecosystems and that of meso-and eutrophic sources such as urban and pasture land runoff and sewage, and the second probably reflecting increased rates of denitrification in eutrophic lakes. Analysis of published manipulation experiments shows that N limitation is not only significantly more frequent in lakes of low ambient TN:TP (TN:TP mass ratio s 14) but is also significantly more frequent in lakes with TP > 30
Nitrogen and phosphorus are respectively the fourth and sixteenth most abundant el ements in our solar system. They are present in a N: P mass ratio estimated between 192 and 660 (Cameron 1970) . In contrast, the earth's crustal rocks are relatively poor in N, resulting in N:P that only varies be tween 0.01 and 0.8 by mass (Vinogradov 1962) . The relative abundance of N and P found suspended or dissolved in lakes has been the subject of much discussion lately (e.g. Drenner et al. 1990; Molot and Dillon 1991) . Various combinations of dissolu tion, concentration, sedimentation, fixa tion, and biological transformation result in N: P mass ratios in lakes varying betweeñ 200 (e.g. Stockner and Shortreed 1985) and <1 (e.g. Prepas and Trew 1983) . The relative abundance of N and P in lake water has been suggested to have both a quanti tative (McCauley et al. 1989 ) and qualita tive (Smith 1983 (Smith , 1986 ) effect on phytoplankton communities. One means of discerning the mechanisms yielding the widely variable N:P ratios found in lakes is to examine the form of the relationship of total N (TN) to total P (TP) in the pelagic zone of a variety of the world's lakes. Because lakes rich in P are also often rich in N (Sakamoto 1966) , there is a pos itive correlation between the TN and TP concentrations of lakes. If the slope of this relationship is constant then N: P might not be related to lake trophic status. If, on the other hand, nutrient sources of oligotrophic and eutrophic lakes have differing N: P ra tios (Ahl 1979) , or mechanisms of loss of N and P from the pelagic zone differ mark edly among lakes of differing trophic status, then oligotrophic and eutrophic lakes may have divergent N: P ratios. That some limnologists believe that N: P ratios and tro phic status are not closely correlated is sug gested by the manipulation of N: P without 936 937 Fukushima et al. 1991 Loehr 1974 Vollenweider 1968 Lehman 1980a Loehr 1974 Uttormark et al. 1974 Fukushima et al. 1991 Vallentyne 1974 Brandesetal. 1974 Fukushima et al. 1991 Portnoy 1990 Vinogradov 1962 Vinogradov 1962 Mason 1958 Vinogradov 1962 concomitant adjustment of P (e.g. Drenner et al. 1990 ) and the use of N:P as an in dependent variable with P in multiple re gression analyses (Smith 1982; Molot and Dillon 1991) .
Nutrient sources of lakes have divergent N: P mass ratios, ranging from highs of 20 to > 200 for precipitation, groundwater, and export from rural lands and soils to lows of 10 to < 1 for sediments, sewage, urban run off, and feces (Table 1) . If oiigotrophic and eutrophic lakes have dissimilar nutrient sources, N: P may increase or decrease with increased TP. Further, if the mechanisms regulating N and P flux in lakes (e.g. sedi mentation, nitrification, denitrification, fix ation) change with trophic status, the N: P relationship may change slope with changes in lake TP. Thus, the form of the relation ship between TN and TP in lakes may re veal how the processes that control N:P vary with lake trophic status.
In contrast to the range of N: P found in lakes and nutrient sources, the N: P com position of aquatic organisms is fairly re stricted. The highest N:P mass ratios for living, aquatic organisms are between 15 and 20 for N-fixing phytoplankton, frogs, tropical macrophytes, and algae growing in P-deficient media (Table 2 ). Phytoplankton N:P generally varies only between 7 and 10 and zooplankton N:P varies only be tween~7 and 9-very close to a Redfield mass-ratio of 7.2. Fish and aquatic macrophyte N: P mass ratios range from~4 to 14 and 6 to 18 respectively, and are most variable in N: P, possibly owing to the vari able protein and phospholipid content of Healey and Hendzel 1980; Healey 1975 Shardendu and Ambasht 1991 Watt and Merril 1975 Gerloffand Skoog 1957 Takamura and Iwakuma 1991 Watt and Merril 1975 Gerloffand Krombholz 1966 Takamura and Iwakuma 1991 Watt and Merril 1975 Golterman 1975 Healey and Hendzel 1980 Vinogradov 1953 Neel et al. 1973 Vijverberg and Frank 1976 Duarte 1990 Vijverberg and Frank 1976 Harris 1986 Vallentyne 1974 Gerloffand Krombholz 1966 Hessen 1990 Watt and Merril 1975 Fukushima et al. 1991 Neeletal. 1973 Luria 1960 fish and to use of both water and sediment as nutrient sources by macrophytes (cf. Ta ble 1). The central 80% of N: P mass ratios for biotic components of aquatic ecosys tems covers a range of only 10, whereas the corresponding fraction of lake nutrient sources covers a N: P range of >60.
The disparity between the narrow N: P requirements of aquatic organisms, and the broad range of N: P in lake nutrient sources means that N: P should influence algal pro duction and biomass in lakes. Opinions dif fer on the role of N as a limiting nutrient in lakes. In an insightful analysis, Smith (1982) suggested that N: P, itself, is limiting and that N should be limiting to algal growth when the ambient N: P falls below some optimum level (e.g. mass N: P = 10). This view suggests that relationships between al gal biomass and TP in lakes should be "a family of parallel lines whose position is a function of the TN: TP ratio" (Smith 1982 (Smith , p. 1104 . McCauley et al. (1989) , on the other hand, have shown that N: P has a significant in fluence on algal biomass in lakes and that this effect is greatest at high TP. McCauley and Downing (1991) have shown that algal biomass is nearly uncorrelated with TN: TP at low TP, but steeply and positively cor related with TN:TP at high TP. The anal yses presented by McCauley et al. and McCauley and Downing strongly suggest that manipulations of N concentrations in lakes should find N limitation ofalgal growth at all concentrations of TP but that N lim itation should be more frequent when am bient TN: TP is low or TP is high. Some excellent summaries of the effects of nutri ent manipulations exist (e.g. Chiaudani and Vighi 1974; Elser et al. 1990) , but no at tempt has yet been made to correlate the results of nutrient manipulations with am bient TN and TP conditions in North American lakes (cf. White 1983) .
Our purpose here is to explore the form of the relationship between TN and TP in the world's lakes to find how TN: TP varies with lake trophic status. A description of the form of this relationship is prerequisite for delineating alternative predictions con cerning N limitation of algal growth rates.
A second purpose is to place the results of N manipulation experiments in the context of prevailing N and P concentrations to see whether lakes with relatively low TN: TP or high TP are more frequently N limited than high TN: TP or low TP lakes.
Data and analyses
Analysis of the relationship between TN and TP in world lakes was performed with the data set assembled by McCauley et al. (1989) The shape ofthe TN: TP relationship was analyzed in two steps. First, the actual form of the relationship between log TP and log TN was determined with robust locally weighted regression analysis (LOWESS : Cleveland 1979 ). This weighted leastsquares technique aids the interpretation of the form of bivariate relationships, while guarding against the influence of deviant points. Parameters used in all LOWESS analyses were 5 = 0, n-steps = 2, and / = 0.5. Next, the statistical significance of in flections in the TN:TP relationship were determined with the appropriate degree of least-squares polynomial regression (Dra per and Smith 1981) .
The influence of the N: P relationship on N limitation in the plankton of lakes was determined with the response data of Elser et al. (1990) and ambient TN and TP con centrations for the nearest possible year gleaned from the literature. Elser et al. col lected data on responses to N and P enrich ment seen in nutrient enrichment bioassays performed in 60 lakes in North America. They quantified responses in three ways: the fraction of experiments in which nutrient addition produced a significant increase in algal growth, mean relative growth response in nutrient enrichments showing significant increases, and the mean relative growth re sponse in all nutrient enrichment experi ments. Because replication was often low in these studies and statistical inference some times lacking, they considered a 25% in crease in algal growth to be "significant" in some cases. Although the quality of these experiments varies (Elser et al. 1990 ), and they are probably restricted to only those experiments that showed some significant response to either N or P manipulation, they represent the largest body of in situ manip ulation experiments ofaquatic nutrient con ditions heretofore assembled, and thus mer it cautious examination. We here examine only the most conservative response crite rion-the fraction of experiments showing significant responses to N addition. This re sponse was reduced to a binary variable with a value of 0 if no experiments showed sig nificant N limitation and 1 if at least one N manipulation showed significant N limita tion. Analyses used graphical and nonparametric techniques (Conover 1971) .
Results and discussion
As expected, log TN was positively cor related with log TP (Fig. 1) , but the slope of the relationship was significantly < 1 (P < 0.0001), therefore, TN: TP generally de creases with increased TP. TN: TP in oligotrophic lakes ranged from 21 to 240, in mesotrophic lakes from 17 to 96, in eutrophic lakes from 4 to 71, and in hypereutrophic lakes from 0.5 to 9 (TP trophic categories follow Wetzel 1983) . LOWESS trend analysis (Fig. 1) showed that log TN increased with log TP in an accelerating fashion when TP was between 1 and 20 ng liter"1, increased at a constant rate up to -100 Atg liter"! TP, above which it in thus declines very rapidly (from 146 to 30) between 1 and 20 y% liter"1 TP, declines more slowly (from 30 to 17) between 20 and 100^g liter"1, and much more rapidly (from 17 to 0.5) between 100 and 14,000 jig liter"l (Fig. 2) . A third-degree, least-squares, poly nomial regression of the data in Fig. 1 is highly significant (R2 = 0.8; n = 399; P <: 0.0001) and partial effects of all polynomial terms are significant at P < 0.003, thus in flection points at 20 and 100 Mg liter'1 TP are statistically significant. Levels of TN and TP in lakes can be in fluenced by a complex set ofbiogeochemical processes (e.g. sedimentation, nitrification, denitrification, fixation, etc.; Seitzinger 1988). In the following discussion we try to identify how changes in major inputs and outputs ofthese processes might offer a sim ple explanation for the observed variation in TN:TP ratios in lakes. It is unlikely, however, given the complexity of the N and P cycles in lakes, that a simple analysis of inputs or outputs alone could explain all of the observed variation in TN: TP. Inspection of Table 1 and Fig. 1 et al. 1990 ) which also has low N: P (Table   N :P in lakes 941 1). Although many other processes may also influence N: P ratios, our observations sug gest that the composition ofnutrient sources is a major determinant of TN: TP in lakes. The first inflection point in Fig. 1 (~20 Hg TP liter"1) could also be due to charac teristics of nutrient sources. N: P in oligotrophic lakes receiving primarily forest or grassland runoffwould decrease rapidly with increased TP because the N and P in oligotrophic lakes would be quickly over whelmed by meso-and eutrophic nutrient sources (e.g. groundwater, fertile soil export, etc.) which have N: P ratios that differ great ly (-2-10-fold) from N:P in runoff from undisturbed terrestrial ecosystems. The de celeration in N: P may arise from the rel atively small differences among N: P in the various nutrient sources of eutrophic lakes and the fact that nutrients flowing into a eutrophic lake would not represent as great a fraction of the whole-lake N and P content (Table 1) The second inflection point in Fig. 1 (MOO ng TP liter"1) probably arises from changes in the mechanisms of nutrient re tention, loss, or immobilization in eutroph ic lakes. Changes in the rate of decrease in epilimnetic TN: TP with increased TP that eventually draw TN: TP beneath the N: P of nutrient sources (<2.5) could arise through several processes, including in creased relative rates of N sedimentation from the epilimnion ofhypereutrophic lakes, increased relative rates of P liberation from sediments in hypereutrophic lakes, and in creased rates of N loss (i.e. denitrification) from hypereutrophic lakes. If N sedimen tation or release of sediment P accelerate in eutrophic lakes, then hypereutrophic sedi ments should have N: P ratios that are dis proportionately higher than those of over lying waters, while sediment N: P in eutrophic sediments should be much closer to that of the epilimnion.
Although comparable data are scarce, Ta ble 1 and data compiled by Premazzi and Ravera (1977) suggest that the opposite may, in fact, be true. On the other hand, denitri fication proceeds most rapidly under low oxygen, high organic C conditions but where there is sufficient oxygen for nitrification to take place (Seitzinger 1988) . Because hypolimnetic oxygen demand increases rap idly in eutrophic lakes (e.g. Cornett and Rigler 1980) and organic C would be abundant, denitrification is the most probable cause for the very rapid decline in TN: TP at TP > 100 Mg liter"1. If this is true, denitrifica tion could draw TN:TP as low as 0.5 in hypereutrophic lakes, which is close to the N: P found in sedimentary rocks (Table 1) .
Although log TP explains at least 80% of the variation in log TN, lakes with a given TP concentration can have quite different TN: TP (Fig. 2) . New Zealand lakes known to be limited by N have been found to have low TN: TP ratios (White 1983) . Variations in TN and TP in lakes could therefore ex plain why Elser et al. (1990) found that the fraction of N manipulation experiments showing significant N limitation varied from 0 to 100% in North American lakes. One would expect that where ambient TN: TP is lower than the normal N: P of living aquatic organisms, additions of N should yield increased algal abundance.
We were able to find data on ambient TN and TP concentrations in 34 of the 60 lakes surveyed by Elser et al. (1990) (Table 3) . Kruskal-Wallis, one-way analysis of re sponses to N manipulation showed that a significantly (P < 0.01) greater fraction of manipulation studies snowed significant N limitation in lakes with TN: TP < 14 (Fig.  3) . This finding agrees well with chemostat data on optimal N: P ratios which vary be tween~4 and 38 among algal species but average 13 (Rhee 1978; Smith 1982) . In fact, in spite of the inclusion of much refractory N in TN measurements (Morris and Lewis 1988) , not one of the 10 sets of manipula tion studies in Table 3 with TN:TP <14 failed to show some significant (sensu Elser et al. 1990 ) N limitation. Table 3 . Algal responses to N enrichment bioassays summarized from the literature by Elser et al. (1990) . N-lim? is "yes" if at least one of the N enrichment experiments analyzed in their table 3 produced a significant increase in algal biomass. Elser et al. determined "significance" either statistically or as a response of at least a 25% increase in algal biomass where no statistical analyses could be applied due to lack of replication. TP and TN are the average epilimnetic concentrations (both in /ig liter'') for the closest possible year to the manipulation study. Shown are only those manipulation experiments for which we could find nutrient data. Because low TN: TP only exists at high TP (Fig. 1) , this in itself suggests that N limitation is greatest at high TP. A KruskalWallis test also shows that manipulation ex periments find significant N limitation more frequently at ambient TP > 30 pg liter"1 (P = 0.02). N and P limitation in lakes are not mutually exclusive. P limitation has been demonstrated in many lakes, but N limi tation appears to be the rule in lakes with TN: TP < 14, especially ifTP is high. Lakes with TN: TP greater than the world average TN to TP trend show significantly less N limitation (Fig. 3) .
The analysis of ambient TN and TP con centrations in world lakes suggests several hypotheses for further study. First, because TN: TP in lake water is closely correlated with that of nutrient sources, the ambient TN:TP in oligotrophic and mesotrophic lakes should vary with land use, basin morphometry, and predominant nutrient sources. For example, oligotrophic lakes in undeveloped areas that have small catch- Table 3 and were compiled by Elser et al. (1990) . The average TN:TP trend in world lakes (see Fig. 1 , solid line) was estimated by locally weighted sequential smoothing (Cleveland 1979) . ment basins relative to their area should have lower TN:TP because precipitation has lower N: P than export from undevel oped lands (Table 1) . Lakes receiving pri marily runoff from forests should have higher TN: TP than those with important groundwater or river water inputs. In gen eral, lakes receiving effluent from sewage, farms, or cities, or those in which denitrification is rapid should fall beneath the trend line in Figs. 1 and 3 . The process of denitrification should accelerate with increased eutrophication, probably aggravating cyanobacteria blooms in eutrophic lakes. TN: TP should be lower in warm lakes with anoxic, organic sediments, because denitrification is influenced by oxygen, temperature, and organic C sources. Second, one should find some N in the dissolved state at TN: TP > 20 and some P dissolved at TN: TP < 5 because biotic N:P varies little (Table 2) while lake and nutrient source N: P is highly variable (Fig. 1, Table 1 ).
Finally, Smith (1982) has used mecha nistic resource-based competition theory (sensu Tilman 1982) to support the hy pothesis that changes in the supply ratio of N and P should alter algal community com position in a predictable way. Because dif ferent algal taxa apparently have different optimal N: P (Smith 1982) and TN: TP in lakes varies in a predictable way with lake trophic status (Fig. 1) , phytoplankton com munity composition should also vary pre dictably across a trophic gradient. Even though N is >200 times more abundant than P in our solar system, it is often rare enough in lakes to limit phytoplankton biomass and growth.
